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INTRODUCTION
An important component of induced plant defense against attempted pathogen infection involves recognition of pathogen effectors by plant resistance (R) proteins, which in turn activates downstream signaling pathways that culminate in the host response known as effector-triggered immunity (Hogenhout et al., 2009; Oh and Martin, 2011) . Strain DC3000 of Pseudomonas syringae pv tomato (Pst) expresses and delivers ;30 type III effectors into the host cell during infection of tomato (Solanum lycopersicum), causing bacterial speck disease on plants that lack genetic resistance (Pedley and Martin, 2003; Lindeberg et al., 2006) . In tomato plants expressing Pto, a Ser/Thr protein kinase, and Prf, a coiled-coil-nucleotide binding site-leucine-rich repeat protein, either of two effector proteins, AvrPto or AvrPtoB, is recognized by Pto, leading to host resistance to Pst infection (Tang et al., 1996; Kim et al., 2002) . The Pto gene belongs to a small gene family in which another member encodes the protein kinase Fen (Martin et al., 1994; Pedley and Martin, 2003) . Fen does not recognize AvrPto or AvrPtoB but does detect certain truncated forms and natural variants of AvrPtoB that lack the C-terminal domain (Abramovitch et al., 2003; Lin et al., 2006; Rosebrock et al., 2007) . Fen-mediated recognition of AvrPtoB variants activates a rapid, localized programmed cell death (PCD) referred to as the hypersensitive response on host plants (Heath, 2000; Abramovitch et al., 2003) . This immunity-associated PCD eventually arrests the growth and development of the Pst pathogen at the sites of attempted infection.
AvrPtoB is a modular protein, and its C-terminal domain encodes a structural mimic of eukaryotic RING/U-box-like E3 ubiquitin ligases . Host immunity mediated by Fen kinase was termed Rsb (for resistance suppressed by AvrPtoB C terminus) after the observation that it is undermined by AvrPtoB E3 ligase-mediated ubiquitination and consequent degradation of Fen (Abramovitch et al., 2003; Rosebrock et al., 2007) . Rsb immunity exists in many cultivated and wild species of tomato and is believed to have evolved prior to the occurrence of Pto-mediated immunity (Rosebrock et al., 2007) . Early work did not reveal a role for Fen in mediating immunity against Pst, and few investigations on Fen-mediated immunity have been reported (Martin et al., 1994) . By contrast, nearly two dozen components involved in Pto-mediated immunity have been identified and characterized in tomato and/or Nicotiana benthamiana, a model plant closely related to tomato (Oh and Martin, 2011) . Several of these components, including Prf, are also essential to Fenmediated immunity, suggesting substantial overlap of Fen-and Pto-mediated signal transduction pathways (Rosebrock et al., 2007) . Despite these findings, the mechanism by which Fenmediated immunity is regulated remains largely unknown.
Ubiquitination has emerged in recent years as an important regulatory mechanism underlying plant immune signaling Trujillo and Shirasu, 2010) . The ubiquitination process attaches ubiquitin, a highly conserved 76-amino acid protein, to a substrate through stepwise reactions mediated by members of three different classes of enzymes, a ubiquitinactivating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3) (Ciechanover, 1998) . The E3 ubiquitin ligases play a key role in governing substrate specificity and therefore have been the focus of many studies related to ubiquitination. By contrast, the E2 ubiquitin-conjugating enzyme is often considered as a "carrier of ubiquitin" with auxiliary roles and has seldom been investigated. However, increasing evidence suggests that E2 enzymes play an important role in determining the topology of the polyubiquitin chain and the fate of substrate proteins being modified by ubiquitination (Ye and Rape, 2009) . Several E3 ligases have been shown to act as either positive or negative regulators of plant immunity and associated PCD (Zeng et al., 2004; Yang et al., 2006; Zeng et al., 2006; Trujillo et al., 2008; Spoel et al., 2009) . Nevertheless, the role of E2 enzymes in plant immunity remains largely unexplored.
The E2 enzymes possess a characteristic catalytic core with a conserved tertiary structure in which a Cys residue is present at the active site. Eukaryotic genomes typically encode dozens of E2 proteins that can be classified into multiple subfamilies (Vierstra, 2003; Michelle et al., 2009) . Among all E2 members, Ubc13 and its homologs are the only ones known to exclusively catalyze Lys-63-linked polyubiquitination, a form of ubiquitination that has been shown to serve as a nonproteolytic, regulatory signal in diverse cellular processes (Galan and Haguenauer-Tsapis, 1997; Hofmann and Pickart, 1999; Deng et al., 2000; Spence et al., 2000) . Uniquely, Ubc13 requires cofactors with which it forms a heterodimer essential for its catalytic activity. These cofactors, termed ubiquitin-conjugating enzyme variants (Uev), are similar in structure and sequence to active E2 enzymes but lack the conserved active-site Cys residue and, thus, by themselves lack conjugating activity (VanDemark et al., 2001; Zhang et al., 2005; Eddins et al., 2006) . Two types of Uev cofactors have been characterized in mammals to date (Andersen et al., 2005) . The Methyl methanesulfonate sensitive2 (Mms2) type promotes errorfree DNA replication during DNA repair (Xiao et al., 1998) . The second type, Uev1a, differs from Mms2 by having an additional ;30 amino acids at its N terminus (Andersen et al., 2005) . Notably, Uev1a plays a critical role in the regulation of human and animal immunity (Bhoj and Chen, 2009) .
Plant genomes have Ubc13-and Uev-like genes, although they are not well studied. Two Arabidopsis thaliana Ubc13-like genes were identified by sequence homology and were recently implicated in Arabidopsis epidermal cell differentiation and iron deficiency responses (Wen et al., 2006; Li and Schmidt, 2010) . The Arabidopsis E2 variant Constitutive photomorphogenesis10 (COP10) negatively regulates photomorphogenesis and promotes activity of Ubc13/Uev1a and other E2 enzymes (Yanagawa et al., 2004) . However, the activity of COP10 is clearly distinct from Mms2 or Uev1a, as it is not exclusively involved in the formation of Lys-63 ubiquitin linkages. In addition, four Arabidopsis Uev homologs were identified, and one of them, Uev1D, was shown to be involved in DNA damage response (Wen et al., 2008) .
In order to investigate how Fen-mediated immunity is regulated, a screen for Fen-interacting (Fni) proteins was performed using a tomato yeast two-hybrid library (Halterman, 1999) . The screen identified Fni3 (for Fen-interacting protein 3), a tomato Ubc13-type ubiquitin-conjugating enzyme, and subsequent experiments showed Fni3 does not interact with other members of the Pto family. In an independent screen using virus-induced gene silencing (VIGS), a tomato Uev homolog, Suv (for S. lycopersicum Uev), was identified (del Pozo et al., 2004) and found to interact with Fni3. Here, we report a role for Fni3/Suv in the regulation of plant immunity-associated PCD. Fni3 was found to encode an active E2, while Suv displayed no ubiquitin-conjugating activity. Fni3 acted with Suv to direct Lys-63-linked ubiquitination, and both were found to be required for Fen-mediated immunity in N. benthamiana. We revealed that Fni3 and its homologs, Ubc13-2 and Suv, are required for PCD associated with the immune response activated by several other plant R proteins. Together, our data suggest Ubc13/Uev-like ubiquitin-conjugating enzyme/E2 variant via Lys-63-specific ubiquitination plays an essential role in effector-triggered immunity.
RESULTS

A Tomato Ubc13-Type Ubiquitin-Conjugating Enzyme Interacts with Fen
Host immunity mediated by the Fen kinase against the bacterial pathogen Pst occurs in many cultivars and wild relatives of tomato (Rosebrock et al., 2007) . To understand how Fen-mediated immunity is regulated, a yeast two-hybrid screen for Fen-interacting (Fni) proteins was performed using a tomato cDNA library generated from leaves of Rio Grande-PtoR tomato plants challenged with Pst (Zhou et al., 1995; Halterman, 1999) . From a screen of approximately two million initial transformants, the Fni3 was identified ( Figure 1A) . A bimolecular fluorescence complementation (BiFC) assay indicated that Fni3 associated with Fen in tomato cells as well (see Supplemental Figure 1A online). Alignment of Fni3 with two Ubc13 homologs from Arabidopsis and vertebrate Ubc13 proteins from frog (Xenopus tropicalis), human (Homo sapiens), or mouse (Mus musculus) indicated Fni3 shares 98 and 78% identity to Arabidopsis and vertebrate homologs, respectively (see Supplemental Figures 1B and 1C and Supplemental Data Set 1 online). As might be expected with this overall high level of amino acid sequence similarity between Fni3 and other Ubc13 homologs, Fni3 has all of the functionally important amino acids for biochemical activities of Ubc13, namely, Cys-89 located in the putative active site for ubiquitin thioester formation, Met-66, which is involved in the interaction with an E3 ligase, and three pocket residues (Glu-57, Phe-59, and Arg-72) that determine binding specificity for Uev protein (VanDemark et al., 2001; Wooff et al., 2004) . Substitution of Cys-89 in the active site of Fni3 with Gly (Fni3 C89G ) essentially abolishes the Fen-Fni3 interaction ( Figure 1A ).
Since Fen shares ;80% amino acid identity with Pto and other members of the Pto family (Martin et al., 1994; Chang et al., 2002) , we next evaluated the ability of Fni3 to interact with four Pto family members from the wild tomato species Solanum pimpinellifolium, homologs of Fen, Pto, and PtoD from the wild tomato species Solanum habrochaites, and three other kinases that are involved in tomato immunity against Pst, Adi3, MAPKKKa, and Pti1 (Zhou et al., 1995; del Pozo et al., 2004; Devarenne et al., 2006) . Fni3 was found to interact with Fen and the S. habrochaites Fen homolog, but not with other Pto family members or with Adi3, Pti1, or MAPKKKa (see Supplemental Figures 2A and 2B online) , indicating the interaction of Fen with Fni3 is specific.
Conventionally, ubiquitin-congugating enzymes (E2s) are thought to interact primarily with ubiquitin ligases (E3s). Nevertheless, E2 enzymes have been shown in several cases to interact with substrate proteins of ubiquitination (Laine et al., 2006; Shembade et al., 2007; Hong et al., 2008) . Interaction of Fen and Fni3 in the yeast cell could be either direct or indirect, possibly involving an E3 ligase. To distinguish between these possibilities, we used a glutathione S-transferase (GST) pulldown assay to examine binding of Fni3 to Fen ( Figure 1B ). The result indicated that Fni3 interacts directly with Fen. Fen also interacted with the AvrPtoB 1-387 protein (Rosebrock et al., 2007) , but not with the Fni3 protein carrying the C89G substitution.
In addition to Fni3, the tomato genome also encodes another Ubc13-like protein we designated as Sl-Ubc13-2. Sl-Ubc13-2 is 99% identical to Fni3 in amino acid sequence and 91% identical in nucleotide sequence (see Supplemental Figures 3A and 3B online). Sl-Ubc13-2 physically interacted with Fen (see Supplemental Figure 2C online). However, it interacted only weakly with Fen in a yeast two-hybrid assay (see Supplemental Figure 2A online), possibly due to being modified in yeast (see Supplemental Figure 2A online, right panel). No interaction was detected between Sl-Ubc13-2 and other Pto family members.
The C-Terminal Region of Fen Is Necessary for Interaction with Fni3
To determine which region of Fen is involved in the interaction with Fni3, we used a series of Fen/Pto chimeric proteins that were reported previously to be expressed in yeast (Tang et al., 1996) and have proven useful in the identification of Pto residues critical for AvrPto and AvrPtoB interaction (Frederick et al., 1998; Kim et al., 2002) . While it is possible that the N-terminal part (A and B regions, Figure 2A ) of Fen contributes to binding with Fni3, we found that only the chimeric protein that retains the C terminus of Fen (the D region) was able to interact with Fni3 ( Figure 2A ). Sequence alignment of the D regions of Fen and PtoD (the closest paralog of Fen that is unable to interact with Fni3) revealed differences at only three residues, Cys-307, Thr-312, and Asp-316, in the Fen protein ( Figure 2B ). Two of these residues, Cys-307 and Thr-312, also differ from Pto, although Pto also lacks the C-terminal five amino acids that are present in Fen and PtoD. To assess the possible involvement of these polymorphisms in interacting with Fni3, the three residues were individually substituted with the corresponding PtoD or Pto residue, and the variant Fen proteins were tested for their ability to interact with Fni3. The interaction of Fni3 with two variant Fen proteins, Fen Cys307Arg and Fen Thr312Ile , was compromised and significantly diminished, respectively ( Figure 2B ). Agrobacterium tumefaciens-mediated transient expression of Fen in N. benthamiana leaves causes constitutive signaling by Fen that leads to immunity-associated PCD in a Prf-dependent but effector-independent manner (Chang et al., 2002; Mucyn et al., 2009) . We used this phenotype to evaluate the requirement of the Fen-Fni3 interaction for immunity-associated PCD initiation. The amino acid sequence of the N. benthamiana homolog of Fni3 (NbFni3) is nearly identical to that of tomato Fni3 (see Supplemental Figure 3C online). All Fen variant proteins were expressed in N. benthamiana leaves, and an empty vector (EV) was used as a negative control ( Figure 2C ). The two proteins that interacted with Fni3, Fen and Fen Asp316Asn , elicited a strong PCD response, whereas Fen Cys307Arg , Fen Thr312Ile , and the negative control failed to activate PCD ( Figure 2C ). These observations support the notion that interaction of Fen with Fni3 is important for induction of PCD. However, an alternative possibility is that the Cys307Arg or Thr312Ile substitutions grossly alter Fen structure and prevent it from interacting with other host proteins that may be necessary for Fen-mediated PCD. We therefore used Fen Thr312Ile as an example to assess the ability of the two mutants to interact with two additional proteins, Fni2 and AvrPtoB 1-387 . Fni2 is an uncharacterized Rcd-like kinase that was also found to interact with Fen (Halterman, 1999) . Fen Thr312Ile interacted with both Fni2 and AvrPtoB 1-387 in a manner similar to Fen but was not able to interact with Fni3 (see Supplemental Figure 4 online). These results suggest the interaction of Fen with Fni3 is required for PCD associated with Fen-mediated immunity.
Suv Encodes a Uev Homolog That Interacts with Fni3
A previously reported VIGS screen in N. benthamiana evaluated the role of ;2400 random tomato cDNAs in Pto-elicited, plant immunity-associated PCD (del Pozo et al., 2004) . Genes identified in this screen have been found to encode MAPKKKa, Cbl10, and Cipk6 (del Pozo et al., 2004; de la Torre et al., 2013) . Of relevance here, another cDNA identified from the screen encodes a protein with striking similarity to Ubc13 cofactor Uev proteins, Mms2 and Uev1a. We named this gene Suv (for Solanum lycopersicum Uev). Phylogenetic analysis of Suv with two yeast Mms2 proteins from Schizosaccharomyces pombe and Saccharomyces cerevisiae, two variants of human Uev, a Uev protein from mouse, and Arabidopsis COP10 (as an outlier) revealed that Suv is more similar to the ancestor of Mms2 and Uev1a than to either protein individually (see Supplemental Figure 5A and Supplemental Data Set 2 online). As mentioned above, Ubc13-directed ubiquitination of substrate requires the formation of a dimeric complex with a Uev protein.
Since Fni3 and Suv are each highly homologous to the corresponding component of the Ubc13/Uev heterodimeric complex, we hypothesized that Fni3 and Suv may interact in vivo. Indeed, strong interaction was detected between Fni3 and Suv, while no interaction between Fen and Suv was observed in yeast twohybrid assay (see Supplemental Figure 5B online). Suv also showed strong interaction with Sl-Ubc13-2 (see Supplemental Figure 5C online).
Fni3 Is an Active Ubiquitin-Conjugating Enzyme, Whereas Suv Has No E2 Enzymatic Activity
The E2 ubiquitin-conjugating enzymes mediate the transfer of an activated ubiquitin molecule from a ubiquitin-activating enzyme (E1) to its own active-site Cys through formation of a thioester bond. To determine whether Fni3 and Suv are active E2 enzymes, we used a thioester assay (Philip and Haystead, 2007) to assess the ability of Fni3 and Suv to accept an activated ubiquitin molecule from an E1. A recombinant E1 enzyme was first incubated with or without FLAG-tagged ubiquitin in the presence of ATP to allow for the formation of E1 ubiquitin thioester intermediates (charged E1). Fni3 and/or Suv were then added to the reaction. In the presence of the charged E1, Fni3 demonstrated conjugating activity, manifested by the formation of monoubiquitin-and diubiquitin-bound Fni3. As predicted, Suv did not exhibit conjugating activity, likely due to the lack of the active-site Cys required for conjugation to ubiquitin ( Figure 3A ).
We next examined the possibility that Fen might affect the ubiquitin-conjugating activity of Fni3 via phosphorylation or simply by binding to Fni3. First, we tested whether Fen could enhance or suppress Fni3 activity, not through phosphorylation, but simply through binding to Fni3 in the thioester assay ( Figure 3A ). The proper conformation of Fen is likely required for the ability to bind interacting proteins, and kinases like Fen often need to be phosphorylated to obtain this conformation. Therefore, we preincubated Fen with Fni3 under reaction conditions that allow Fen to be an active kinase to allow for autophosphorylation of Fen before the thioester assay. The formation of a ubiquitin-Fni3 linkage was similar to that displayed in the reaction without preincubation with Fen ( Figure 3A , lanes 4, 6, and 8), indicating Fen does not affect the formation of Fni3-ubiquitin linkage in this assay. To ensure this observation is not affected by the epitope tag (maltose binding protein [MBP] ) fused to Fni3/Suv, we also performed the assay using GST-tagged Fni3 and Suv, and a similar result was obtained (see Supplemental Figure 6A online).
The ubiquitin-Fni3 linkage formed in the above assay can be linked through a thioester bond to the catalytic Cys residue (Cys-89), which is sensitive to DTT treatment, or through the amino group of Fni3 (amide linkage, resistant to DTT treatment). To distinguish them, we split the reactions and treated the reaction separately either with DTT or without DTT. As shown in Figure 3B , essentially no ubiquitin-Fni3 linkage was retained after DTT treatment in the reactions in which Fni3 alone or Fni3/Suv was present, indicating that the linkage was via a thioester bond to Cys-89 of Fni3. However, after DTT treatment, a trace of the ubiquitin-Fni3 linkage was retained in the reaction in which Fen was present. Combined with data shown in Figure 1 that Cys-89 is important for interaction of Fni3 with Fen, we speculate that Fen in the reaction may affect (but not block) the access of ubiquitin molecules to the Cys-89 residue and hence increases the chance of ubiquitin linking to the amino group. Similar results were obtained when GST-tagged Fni3 and Suv were used (see Supplemental Figure 6B online).
Fni3 and Suv together Direct Lys-63-Specific Ubiquitination
Ubc13 and its cofactor Uev are unique among E2 ubiquitinconjugating enzymes in that they catalyze exclusively the formation of Lys-63-linked polyubiquitin chains (Lim and Lim, 2011) . To examine if Fni3/Suv directs Lys-63-linked polyubiquitination, we first tested if they can direct polyubiquitination using in vitro ubiquitination assay (Zeng et al., 2004) . Since the cognate tomato E3 ligase(s) that works with Fni3/Suv is unknown, we used purified recombinant protein of a U-box-type Arabidopsis E3 ligase, At-PUB54, for the assay (PUB stands for Plant U-box Protein). PUB54 was shown to work with Arabidopsis Ubc13 to direct formation of Lys-63-linked polyubiquitin chains (Wiborg et al., 2008) . In the presence of E1, PUB54, ubiquitin, and other essential factors, Fni3/Suv acted with PUB54 to catalyze polyubiquitination ( Figure 4A , lane 1). In the absence of Fni3, PUB54, or ubiquitin, no polyubiquitination was observed ( Figure 4A , lanes 2 to 4). Fni3 and Suv also acted with human Uev1a and Ubc13, respectively, to direct polyubiquitination ( Figure 4A , lanes 5 and 6), suggesting that this biochemical function of the plant and mammalian Ubc13-type E2 enzymes and their cofactors is conserved. Additionally, our in vitro ubiquitination assay indicated that Sl-Ubc13-2 also worked with Suv to catalyze polyubiquitination but not as efficiently as Fni3 ( Figure 4A, lanes 1 and 7) . Moreover, in the absence of Suv, no high molecular weight polyubiquitin chains were formed, supporting the role of Suv as a cofactor of Fni3 ( Figure 4B , lane 2). In the presence of Fen, however, the formation of polyubiquitin chains was reduced and the reduction was dose dependent on the amount of Fen ( Figure 4B, lanes 1, 5, and 6 ). This suggests Fen interferes with the activity of the E3 ligase PUB54 in the assay, likely because Fen interaction with Fni3 affects access to Fni3 by PUB54. As a control, GST alone did not affect the ubiquitination catalyzed by Fni3-PUB54 in the assay (see Supplemental Figure 6C online).
We next examined whether Fni3/Suv direct Lys-63-linked ubiquitination using different ubiquitin mutants in the in vitro ubiquitination assay. Similar to results shown in Figure 4A , polyubiquitination was observed when intact ubiquitin was used in the reaction ( Figure 4C , lane 2). However, the formation of polyubiquitin chains was compromised when the Lys-63 residue was substituted with Arg ( Figure 4C , lane 3). When a ubiquitin variant in which all Lys residues were substituted with Arg except only Lys-63 remained intact was used, Fni3/Suv directed formation of polyubiquitin chains comparable to that of intact ubiquitin ( Figure 4C , lane 4). Taken together, these results demonstrate that Fni3 and Suv together catalyze Lys-63-specific polyubiquitination.
Fni3/Ubc13-2 and Suv Are Required for Fen-Mediated Immune Signaling
Our data showing that interaction of Fni3 with Fen is necessary for PCD triggered by overexpression of Fen in N. benthamiana suggests that Fni3 plays an important role in Fen-mediated immune signaling. To assess the contribution of Fni3 and Suv in Fen-mediated immunity, we relied on Rsb, which is activated by Fen or Fen homologs in response to AvrPtoB lacking E3 ligase activity and is typically manifested as immunity-associated PCD on N. benthamiana plants (Abramovitch et al., 2003 . We used N. benthamiana instead of tomato because it gives higher efficiency of VIGS and better transient expression of PCD elicitors. We evaluated the activation of Rsb-associated PCD as well as PCD induced by overexpression of Fen under circumstances in which the expression of Fni3 and Suv in N. benthamiana plants either is normal or is reduced by VIGS using a tobacco rattle virus (TRV) vector (del Pozo et al., 2004) . For the latter experiment, we infected individual N. benthamiana plants with a TRV vector carrying the Fni3 or Suv gene (TRV-Fni3 and TRV-Suv, respectively) or the empty TRV vector (as control). The N. benthamiana homologs of Fni3, Sl-Ubc13-2, and Suv share high identity in nucleotide sequence to their counterparts in tomato (see Supplemental Figures 7A and 7B online) and the TRV-Fni3-and TRV-Suv-infected plants had greatly reduced expression of N. benthamiana Fni3 (Nb-Fni3), Sl-Ubc13-2 (NbUbc13-2), and Suv (Nb-Suv), respectively, compared with TRVonly infected plants (see Supplemental were agroinfiltrated with transgenes expressing Fen or AvrPto B 1-387 . As shown in Figures 5A and 5B, TRV-Fni3-or TRV-Suvinfected plants exhibited greatly reduced PCD in response to Fen or the Rsb inducer AvrPtoB 1-387 , whereas control plants inoculated with TRV vector showed a strong PCD in response to both of these proteins. The extent of reduction of cell death in TRV-Suv-infected plants was less than that of TRVFni3-infected plants. These results indicate that Nb-Fni3 and Nb-Suv are required for Fen-mediated immune signaling in N. benthamiana.
In TRV-Fni3-infected N. benthamiana plants, the expression of both Nb-Fni3 and Nb-Ubc13-2 was greatly reduced (see Supplemental Figure 8 online), suggesting knockdown of either Fni3 alone or both genes accounted for the decrease in Fenmediated immunity. To distinguish these possibilities, we generated a VIGS construct, TRV-Fni3-39 , in which the TRV vector carried only the 39 end of the Fni3 gene (see Supplemental Figure 10A online). The sequence identity of Fni3 and Sl-Ubc13-2 in the 39 end of the gene is low (see Supplemental Figure 10B online); thus, TRV-Fni3-39 was used to silence Fni3 only. In contrast with TRV-Fni3-infected plants, in which cell death caused by overexpression of Fen and AvrPtoB 1-387 was significantly diminished, the TRV-Fni3-39-infected plants developed slightly reduced but nearly comparable cell death to that of the TRV vector-infected plants (see Supplemental Figure 10C online), suggesting that both Fni3 and Ubc13-2 are involved in Fen-mediated immunity and associated cell death.
Fni3 and Suv Are Involved in Immunity-Associated PCD Elicited by Other R Proteins
To assess whether Fni3 and Suv affect nonhost immunity, a type of plant immunity against microbes that are not natural pathogen of the host, we examined the response of N. benthamiana to the tomato bacterial pathogen Pst DC3000. This bacterial strain expresses an effector protein, HopQ1-1, that is recognized by a yet unknown R protein in N. benthamiana, leading to immunityassociated PCD (Wei et al., 2007) . Leaves of N. benthamiana plants in which expression of Fni3 or Suv had been knocked down by VIGS were infiltrated with 5 3 10 6 colony-forming units/ mL of DC3000, and the occurrence of PCD was scored 4 d after infiltration. As shown in Figure 6A , PCD was greatly reduced in both TRV-Fni3-and TRV-Suv-infected plants compared with TRV EV-infected plants, supporting a role for Fni3/Ubc13-2 and Suv as positive regulators of immunity-associated PCD in this nonhost plant-pathogen interaction.
The requirement of Fni3/Ubc13-2 and Suv for both Fenmediated and HopQ1-1-elicited immunity-associated PCD prompted us to investigate whether they might play a broader role in PCD induction mediated by other plant immunity-associated elicitors. We examined four additional PCD-inducing R protein/ effector pairs originating from different host/pathogen systems: potato (Solanum tuberosum) Rx2/PVX coat protein (CP) (Bendahmane et al., 2000) , Arabidopsis RPS2/AvrRPt2 from P. syringae (Day et al., 2005) , tomato Pto/AvrPto from P. syringae, and Arabidopsis RPP13/ATR13 Emco5 D41aa from the oomycete Hyaloperonospora parasitica (Rentel et al., 2008) . We also included Pto/AvrPtoB 1-387 in the experiment (Abramovitch et al., 2003) . PCD was monitored for 4 to 5 d after agroinfiltration of the PCD-eliciting gene pairs into leaves of TRV-Fni3-or TRV-Suvinfected plants or TRV-only plants ( Figure 6B ). With the exception of Rx2/CP, PCD elicited by other four R protein/effector pairs was reduced in Suv-silenced plants by a statistically significant level. PCD elicited by Rx2/CP, Pto/AvrPtoB 1-387 , and Pto/AvrPto was also reduced in TRV-Fni3-infected plants. The decrease in cell death initiated by Pto/AvrPto was unexpected considering that we have not observed an interaction in the yeast two-hybrid system of Pto with Fni3 and Sl-Ubc13-2. These data suggest Nb-Fni3, Nb-Ubc13-2, and Nb-Suv play a broad role in diverse immunity-associated PCD in N. benthamiana.
The Ubiquitin-Conjugating Activity of Fni3 and Sl-Ubc13-2 Is Necessary for the Development of Cell Death Associated with Effector-Triggered Immunity
To test whether the ubiquitin-conjugating activity of Fni3 is involved in immunity-associated PCD initiated by cell death triggers, we next coexpressed the R protein (and its cognate effector) with Fni3 or the Fni3 mutant, Fni3 Cys89Gly , in N. benthamiana. The highly conserved Cys residue located in the putative active site of Fni3 is substituted with Gly in Fni3 Cys89Gly , and the mutation results in loss of Fni3 E2 activity ( Figure 4A , lane 2; see Supplemental Figure 11 online). We therefore hypothesize that Fni3 Cys89Gly might act as a dominant-negative form of Fni3/ Sl-Ubc13-2 when transiently expressed in N. benthamiana, similar to what is observed in the human and animal Ubc13 mutant Ubc13 C87A (Trompouki et al., 2003; Slotman et al., 2012) . Indeed, compared with coexpression with Fni3, which led to strong cell death in N. benthamiana, cell death induced by transient expression of Fen, Pto/AvrPto, AvrPtoB 1-387 , and Pto/ AvrPtoB 1-387 was significantly reduced when Fni3 C89G was coexpressed (Figure 7) . By contrast, the cell death induced by AvrRpt2/Rps2 was not affected when Fni3 C89G was coexpressed. The cell death induced by Rx2/CP was only slightly reduced when coexpressed with Fni3 C89G compared with coexpression with Fni3. Agrobacterium-mediated transient expression of Fni3 or Fni3 C89G with the EV did not cause cell death in N. benthamiana, indicating overexpression of Fni3 does not result in cell death. Additionally, no cell death was observed when Fni3 was coexpressed with Fen D162N encoding a kinasedeficient Fen mutant protein (Figure 7) , consistent with the previous finding that cell death caused by overexpression of Fen is kinase activity dependent (Mucyn et al., 2009 ). Together, the result suggests immunity-associated PCD triggered by Fen and other R protein/effectors indeed requires the ubiquitin-conjugating activity of Fni3/Sl-Ubc13-2. (A) Immunity-associated PCD triggered by the nonhost bacterial pathogen Pst DC3000 in N. benthamiana. A suspension of 5 3 10 6 colony-forming units/mL of Pst strain DC3000 was infiltrated into the outlined area of N. benthamiana leaves where either Fni3 or Suv has been silenced. The photographs were taken 3 d after inoculation. The numbers below the images denote number of infiltrated areas that showed strong PCD and the total number of infiltrated areas. This experiment was repeated two times with similar results. Bar = 1 cm. (B) Effect of silencing Fni3 on PCD caused by Agrobacterium-mediated transient expression of other R protein/effector. The degree of PCD induced by other R protein/effector interactions on Fni3-or Suv-silenced N. benthamiana plants was visually measured and statistically analyzed using Fisher's exact test as described in Figure 5B . Asterisks (*P < 0.05 and **P < 0.01) indicate significant reduction of PCD by silencing either Coexpression of an E2 activity mutant of Fni3, Fni3 C89G , with Fen and other PCD triggers diminished cell death that was caused by expression of corresponding R protein/cognate effector. Agrobacterium-mediated transient coexpression of Fen, Pto/AvrPto, Rx/CP, Pto/AvrPtoB 1-387 , AvrPtoB 1-387 , RPS2/AvrRpt2, and Fni3 or Fni3 C89G in N. benthamiana was performed through infiltration of Agrobacterium carrying T-DNA with the corresponding gene or the EV pBTEX in the area indicated by red (denoting strong cell death) or black (denoting no or reduced cell death) circles in fully expanded leaves of 4-to 5-week-old plants. At least five spots of infiltration were performed for each cell death trigger/Fni3 (or Fni3 C89G ) combination on five different plants, and a typical result is shown here. Photographs were taken 3.5 d after infiltration. The experiment was repeated three times with similar results. Bar = 1 cm.
Fen Does Not Phosphorylate Fni3 in Vitro
We predicted that there were two possible outcomes from the interaction between Fen and Fni3. First, Fen might regulate the activity of Fni3 by phosphorylating the Fni3 protein. Indeed, phosphorylation of E2 enzymes has been reported as a mechanism to either promote or suppress their activity (Sarcevic et al., 2002; Semplici et al., 2002; Oh et al., 2006; Philip and Haystead, 2007) . Second, Fni3 might direct ubiquitination of Fen to alter its functions in the cell. To test these possibilities, we used a standard in vitro kinase activity assay to test whether Fen can phosphorylate Fni3. We found that Fen weakly autophosphorylated and it very strongly phosphorylated both the commonly used substrate for kinase activity assay, myelin basic protein (MeBP), and AvrPtoB (Figure 8) (Figure 9) . A similar result was obtained when FLAG-tagged Fen was used (see Supplemental Figure 12 online). Therefore, Fni3 does not appear to affect the stability of Fen in plant cells.
DISCUSSION
As part of our investigation to understand how Fen-mediated immunity is regulated, we characterized Fni3, a Ubc13-type ubiquitin carrier protein that interacts with Fen and its cofactor Suv. We also identified another Ubc13-type gene, Sl-Ubc13-2, from the tomato genome that encodes a protein nearly identical to Fni3, raising the possibility that they may have some functional redundancy. Fni3 was shown to be an active E2 enzyme, whereas Suv displayed no ubiquitin-conjugating activity. Both Fni3 and Sl-Ubc13-2 acted with Suv to catalyze polyubiquitination. Fni3 and Suv together were shown to direct Lys-63-linked ubiquitination. Knocking down the expression of both Fni3 and Ubc13-2 by VIGS significantly diminished PCD associated with Fen-mediated immunity. In addition, knocked-down expression of Suv reduced PCD associated with Fen and several other R proteins. The fact that we observed diminished PCD upon coexpression of Fen or other R proteins with a Fni3 mutant that has no E2 enzymatic activity further suggests Lys-63-linked ubiquitination is involved in the plant immune response. Taken together, data presented in this study supports the hypothesis that Ubc13/Suv modulates effector-triggered immunity likely through Lys-63-linked ubiquitination.
Unlike conventional Lys-48-linked ubiquitination that mainly serves as a signal for 26S proteasome-mediated degradation of substrate proteins, Lys-63-linked polyubiquitination has been shown to play nonproteolytic, regulatory roles in various cellular processes (Fisk and Yaffe, 1999; Duncan et al., 2006; Bhoj and Chen, 2009; Lauwers et al., 2009; Martinez-Forero et al., 2009) . In human and animals, Lys-63-linked ubiquitination directed by Ubc13 plays a crucial role in regulating both innate and adaptive immunity (Bhoj and Chen, 2009 ). Consequently, the Ubc13 protein has become a target of pathogens in suppressing host immunity (Sanada et al., 2012) . The identification and characterization of a role for Fni3/Suv in affecting the immunity-related protein kinase, Fen, and likely other R protein-mediated cell death therefore suggests a mechanism in the regulation of plant immune signaling. Noteworthy, the Fen-mediated cell death appears to be due to its misregulation in N. benthamiana and is dependent on the endogenous R protein, Prf (Chang et al., 2002; Mucyn et al., 2009 ). Interestingly, it was shown recently that the type III effectors PthA2 and PthA3, which are important for pathogenesis of the bacterial pathogen Xanthomonas axonopodis pv citri in the development of citrus canker disease, interacted with citrus Ubc13 and Uev proteins and inhibited Ubc13/Uev-mediated Lys-63-linked ubiquitination (Domingues et al., 2010) . This supports the notion that Ubc13/Uev-mediated Lys-63-linked ubiquitination plays an essential role in plant immunity as well and has become a target of manipulation by plant pathogens.
In the ubiquitination system, the E2 enzyme usually interacts with the E3 ligase and the E3 associates with the substrate. Nonetheless, we discovered in this study the ubiquitin-conjugating enzyme Fni3 interacts with Fen, a protein kinase. In addition to the effector proteins of pathogens mentioned above, approximately a dozen other non-E3 ligase host proteins have so far been reported to interact with E2 proteins, including a few kinases (Sarcevic et al., 2002; Semplici et al., 2002; Oh et al., 2006; Philip and Haystead, 2007; Jean and Moss, 2008) . Either these kinases regulate the enzymatic activity of the E2 by phosphorylating it or their own stability/activity is affected by the E2 enzyme. Similarly, the outcome of Fen-Fni3 interaction can be either that Fni3 affects Fen function(s) presumably through Lys-63-linked ubiquitination of Fen and/or its interactor(s) or that Fen exerts its impact on Fni3 via its kinase activity, or both. Our thioester assay indicated that Fen does not affect the conjugating activity of Fni3, and in vitro kinase activity assays showed that Fen does not phosphorylate Fni3, suggesting Fen unlikely affects the enzymatic activity of Fni3 by phosphorylation. However, we found Fen reduces the ubiquitination catalyzed in vitro by PUB54 and Fni3 in a dose-dependent manner probably due to the interaction of Fen with Fni3 blocks the access to Fni3 by PUB54. This finding is reminiscent of Ubc13 attenuating the Lys-48-linked polyubiquitination of p53 by the E3 ligase Hdm2 (Laine et al., 2006) . Because the cognate tomato E3 ligase of Fni3 is unknown, we used PUB54 in the assay. Therefore, whether Fen affects the ubiquitination catalyzed by Fni3 and its cognate tomato E3 ligase in vivo and, if yes, whether the effect is biologically relevant to the positive role of Fni3/Suv in regulating Fen (which is Prf-dependent) and other R protein-mediated, immunity-associated cell death warrants further investigation. Additionally, a recent study of Ubc13 and p53 indicated that Lys-63-linked ubiquitination of p53 at the polysomes by Ubc13 resulting in monomerization of p53 accounts for the regulation of p53 localization and activity by Ubc13 (Topisirovic et al., 2009 ). Likewise, Lys-63-linked ubiquitination of Fen and/or its interactor(s) by Fni3 may be responsible for the regulation of Fen-mediated cell death by Fni3.
In the case of Ubc13 and p53, the Ubc13 protein affects the localization and, hence, stability of p53 (Laine et al., 2006) . However, our transient coexpression experiment indicated that Fni3 does not affect the stability of Fen in plant cells. It is unknown at present how Fni3/Suv might affect the cellular functions of Fen and downstream signaling. In the regulation of human and animal innate immunity, which is triggered upon recognition of pathogen-associated molecular patterns by pattern recognition receptors, such as Toll-like receptors and NODlike receptors, Lys-63-linked polyubiquitination is intimately involved in promoting the formation and activation of protein kinase complexes, such as those involving the IkB kinase (Jiang and Chen, 2012) . These kinases in turn switch on downstream transcription factors, such as nuclear factor-kB, which orchestrate gene expression programs to protect cells and organisms from pathogen infection. Therefore, one possibility is that Fni3/Suv-mediated Lys-63 polyubiquitination affects the kinase activity of Fen, which in turn affects the phosphorylation of downstream substrate(s) by Fen. Alternatively, Fni3 might regulate the cellular functions of Fen through affecting interaction of Fen with other protein(s) or its subcellular localization in the cell. Indeed, Lys-63-linked ubiquitination has been shown to regulate subcellular localization of protein kinases (Yang et al., 2009 ) and protein-protein interactions in animal cells. The importance of subcellular localization to Fen's function is supported by the finding that Fen-mediated cell death in N. benthamiana is N-myristoylation dependent and the N-myristoylation is believed to affect the subcellular localization of Fen (Rommens et al., 1995; Mucyn et al., 2009) . Further experiments to distinguish these possibilities will facilitate our understanding of the mechanism by which Lys-63-linked ubiquitination acts on Fen-mediated immune signaling.
The Lys-63-linked ubiquitination in human and animal innate and adaptive immune signaling is often catalyzed by RING domain-containing E3 ligases, such as Tumor Necrosis Factor receptor-associated factors (such as TRAF6) and Tripartite Motifcontaining protein (such as TRIM25) together with E2 enzyme Ubc13 and its cofactor Uev1a (also known as UBE2V1) (Jiang and Chen, 2012) , which are close homologs of Fni3 and Suv, respectively. It therefore seems plausible that one or more tomato E3 ligase(s) works together with Fni3/Suv to catalyze Lys-63-linked ubiquitination that is related to Fen-mediated immunity. The unknown E3 ligase, together with Fni3/Suv, might either act to ubiquitinate Fen or its interactor(s) by Lys-63-linked polyubiquitin chains, or, similar to what occurs in human and animals, the E3 ligase might autoubiquitinate with the Lys-63-linked polyubiquitin chains serving as the signal and scaffold to promote formation and activation of a downstream kinase complex. However, our observation that Fni3 interacts physically with Fen argues for the first possibility, analogous to what was observed in the case of regulating p53 localization and activity by Ubc13 (Laine et al., 2006; Topisirovic et al., 2009 ). Identification and characterization of the tomato E3 ligase therefore will be a key next step in elucidating the regulation of Fen-mediated immunity by Fni3.
Fni3 was found to interact specifically with Fen among members of the Pto family. In particular, Fni3 (and its close homolog Sl-Ubc13-2) did not interact with Pto despite the fact it has 80% amino acid identity with Fen and is actively involved in tomato immunity against Pst (Pedley and Martin, 2003) , and the downstream signaling of Pto-mediated immunity overlaps with that of Fen-mediated immune signaling (Rosebrock et al., 2007) . Nevertheless, we observed that silencing of either Fni3 or Suv diminished PCD elicited by Pto/AvrPto in leaves of N. benthamiana. This is consistent with the fact that Suv was identified in a VIGS screen that tested ;2400 random tomato cDNAs for effects on plant immunity-associated PCD elicited by Pto (del Pozo et al., 2004) . One explanation for these observations is that Lys-63-linked ubiquitination acts at and therefore is essential to the regulation of multiple points of plant immune signaling pathway and Fni3/Suv-directed Lys-63-linked ubiquitination might, unlike in the case of Fen, act somewhere other than at Pto itself in Pto-mediated signaling. Ubc13-directed Lys-63 ubiquitination has indeed been found to act at several positions in human and animal immune signaling pathways (Bhoj and Chen, 2009 ). In the future, it will be important to find out why Pto and Fen potentially employ different mechanisms of Lys-63 ubiquitination in regulating immune signaling mediated by them.
METHODS
Growth of Bacteria and Plant Materials
Agrobacterium tumefaciens strains GV2260 and GV3101 and Pseudomonas syringae pv tomato DC3000 were grown at 28°C in Luria-Bertani and King's B medium, respectively, with appropriate antibiotics. Nicotiana benthamiana seeds were germinated and plants were grown on autoclaved soil in a growth chamber with 16 h light (;215 mmol/m 2 /s at the leaf surface of the plants) and 25°C/23°C day/night temperature. For VIGS, plants were transferred to a growth chamber with 16 h of light and 24°C/ 22°C day/night temperature.
DNA Manipulations and Plasmid Constructions
All DNA manipulations were performed according to standard techniques (Sambrook and Russell, 2001) . Plasmids in the pTRV2 vector for VIGS were constructed by Gateway cloning using the pENTR/SD/D-TOPO entry vector according to protocols provided by the manufacturer (Invitrogen; now Life Technologies). The Fen Cys307Arg , Fen Thr312Ile , Fen Asp316Asn , Fen Asp162Asn , and Fni3 Cys89Gly mutations were generated using the QuickChange site-directed mutagenesis kit II according to the protocol provided by the manufacturer (Stratagene; now Agilent). Primers used for cloning of Fni3, Suv, and Sl-Ubc13-2 and N. benthamiana homologs of Fni3 (Nb-Fni3), Suv (Nb-Suv), and Sl-Ubc13-2 (Nb-Ubc13-2) are listed in Supplemental Table 1 online.
Yeast Two-Hybrid Assay
The LexA-based yeast two-hybrid system and procedures used for screening for Fen-interacting proteins was as described (Golemis et al., 2008) . For testing the interaction of two proteins using the yeast two-hybrid assay, plasmids of the bait and prey constructs were transformed into yeast cells using the lithium acetate/polyethylene glycol method as described in the Yeast Protocols Handbook (Clontech). Yeast transformants were selected on plates containing dropout base (Sunrise Science Product) plus Glc but without uracil, His, and Trp. Successful transformants were then patched on dropout base with Gal/raffinose and 5-Bromo-4-chloro-3-indolyl b-D-galactopyranoside, but lacking uracil, His, and Trp. Blue color of the patch indicates interaction of the two proteins in yeast cells. Expression of fusion proteins was verified by immunoblot using either mouse anti-LexA (Dualsystems Biotech) or rat anti-hemagglutinin (HA; 3F10) horseradish peroxidase-conjugated (Roche) monoclonal antibodies.
Sequence Alignment and Phylogenetic Analysis
For sequence alignment, sequences of interest in the FASTA format were input into the ClustalX 2.0 program and aligned using the ClustalX algorithm (Larkin et al., 2007 ). The aligned sequences were then used for phylogenetic analysis using the MEGA5 program (Tamura et al., 2011) . To build an unrooted phylogenetic tree using MEGA5, the evolutionary history was inferred using the neighbor-joining method. The bootstrap consensus tree inferred from 2000 replicates was taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in <50% bootstrap replicates were collapsed. The evolutionary distances were computed using the Jones-Thornton-Taylor matrix-based method (Jones et al., 1992) , with units representing the number of amino acid substitutions per site. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1).
Agrobacterium-Mediated Transient Expression
Fen and its derivatives (Fen Cys307Arg , Fen Thr312Ile , and Fen Asp316Asn ) were cloned into a pBTEX 35S cauliflower mosaic virus promoter expression cassette (provided by R. Bressan at Purdue University, West Lafayette, IN) with HA tag at the C terminus. Each construct was then transformed into Agrobacterium strain GV2260. AvrPtoB 1-387 , Pto/AvrPto, RPS2/AvrRpt2 (Kunkel et al., 1993) , RPP13/ATR13 Emco5 Δ41aa (Rentel et al., 2008) , and Rx2/CP (Bendahmane et al., 2000) under the control of the 35S promoter were expressed transiently in N. benthamiana using Agrobacteriummediated infiltration as previously described (Abramovitch et al., 2003) . For coexpression of PCD triggers and Fni3 (or Fni3 C89G ), the final OD 600 of Agrobacterium harboring pBTEX-Fni3 (or -Fni3 C89G ) for infiltration was 0.4. In testing the effect of Fni3/Suv on the stability of Fen by transient coexpression, equal amounts (OD 600 = 0.4) of Agrobacterium strains harboring each gene (pBTEX-Fni3, Fni3 C89G , Suv, or Fen) were used. The total OD 600 of each inoculum for infiltration was brought to 1.2 using cells harboring the pBTEX EV when necessary.
VIGS
Gene silencing was induced using TRV vectors (Liu et al., 2002) delivered by Agrobacterium strain GV2260 or GV3101, as previously described (del Pozo et al., 2004) . The Fni3 and Suv genes were cloned into the pTRV2 vector. Agrobacterium (OD 600 = 0.5) containing appropriate pTRV plasmids was induced with acetosyringone and used to infiltrate 3-week-old N. benthamiana seedlings. VIGS-treated N. benthamiana plants were maintained for 4 to 5 weeks at 24°C /22°C, 16/8 h day/night condition to allow silencing to occur.
Effectiveness of VIGS of Nb-Fni3, Nb-Ubc13-2, and Nb-Suv
To determine the effectiveness of silencing Nb-Fni3, Nb-Ubc13-2, and Nb-Suv by VIGS in N. benthamiana, the expression of these genes was determined by RT-PCR at low PCR cycles. In brief, three leaf discs of ;2.5-cm 2 area were collected separately from three different leaves of plants for transient assays, as shown in Figures 5A , 5B, 6A, and 6B. Total RNA was isolated from the leaf tissue using RNeasy Plant Mini Kit with incolumn DNase treatment (Qiagen) by following the protocol provided by the manufacturer. This was followed by synthesis of the first-strand cDNA using the Superscript III reverse transcriptase (Invitrogen) using the protocol from the manufacturer. PCR amplification (25 cycles) of Nb-Fni3, Nb-Ubc13-2, Nb-Suv, and Nb-EF1a using the first-strand cDNA as template and primers specified in the Supplemental Table 1 and separation and staining of the PCR product were performed as described (Sambrook and Russell, 2001 ). The separated RT-PCR products were photographed using the Gel Doc SR system (Bio-Rad) and quantified using the software Image Lab (Bio-Rad) by following instructions from the manufacturer. Nb-EF1a was used as an internal reference to determine the amount of cDNA template to be used. The relative transcript level of Nb-Fni3, Nb-Ubc13-2, and Nb-Suv was normalized by the abundance of the Nb-EF1a gene. For comparison of gene expression in VIGS plants to TRV vector-only control plants, the expression level of the Nb-Fni3, Nb-Ubc13-2, and Nb-Suv genes in the control plants was set as 100%. Three biological replicates were used for the experiment.
Extraction and Purification of Proteins
MBP or MBP fused to Fni3, Fni3 C89G , or AvrPtoB 1-387 was expressed in Escherichia coli strain BL21(DE3) and purified using amylose resin (New England Biolabs) according to the manufacturer's instructions. GST or GST-tagged Fen, PUB54, Fni3, Suv, and Sl-Ubc13-2 were expressed in E. coli strain BL21(DE3) and purified with Glutathione Sepharose 4 Fast Flow beads (GE Healthcare) by following the protocol provided by the manufacturer. Yeast protein extractions were performed according to previously described methods (Munkvold et al., 2008) . Total proteins from N. benthamiana leaf tissues were prepared by grinding ;3 cm 2 of leaf discs in liquid nitrogen and homogenizing the tissue in 400 mL of protein extraction buffer (1.5% N-lauryl sarcosine, 2 M thiourea, 20 mM DTT, 50 mM Tris-HCl (Tris-hydroxymethyl-aminomethane-hydrogen chloride), pH 7.5, and plant protease inhibitors [Sigma Aldrich]). Cell debris was pelleted by centrifugation at 15,000g at 4°C for 15 min. The concentration of total protein in supernatants was determined using protein assay agent (BioRad). Approximately 30 mg of total proteins of each sample was resolved by SDS-PAGE and analyzed by immunoblotting. To examine the effect of Fni3 on the stability of Fen (Figure 9 ; see Supplemental Figure 12 online), the whole tomato (Solanum lycopersicum) leaf infiltrated with Agrobacterium was harvested, ground in liquid nitrogen, and homogenized using 2.5 mL of protein sample loading buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 0.01% bromophenol blue, 10% glycerol, 5% freshly added b-mercaptoethanol, and a plant protease inhibitors cocktail [Sigma-Aldrich]) (Laemmli, 1970) followed by heating at 100°C for 10 min before proceeding to the centrifugation step. Rat monoclonal anti-HA (3F10) horseradish peroxidaseconjugated antibody (Roche) was used for immunoblotting.
Kinase Activity Assay
In vitro kinase activity assays were performed as described previously (Zeng et al., 2012) . The reaction was performed in a 30-mL reaction containing 200 ng of MBP-Fen, 7.5 mg of myelin basic protein (MeBP) or MBP-Fni3, 5 mCi of [g-32 P]ATP, 20 mL of kinase buffer (25 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 10 mM NaCl, 1 mM DTT, 50 mM ATP, and 1 mM EDTA) at room temperature for 30 min. Reactions were stopped by adding SDS loading buffer and heated at 100°C for 5 min before electrophoresis on 12.5% SDS polyacrylamide gels. Gels were dried and radioactivity visualized using a phosphor imager (Molecular Dynamics).
GST Pull-Down Assay
The in vitro binding assays were performed as described with modifications (Wilson et al., 2003) . For the assays, 0.04 nM of MBP or MBPfused protein was mixed with 0.03 nM GST or GST-Fen in 370-mL reactions containing PBS/0.5% Triton X-100 at 4°C for 45 min using a nutating mixer prior to addition of 30 mL of Glutathione Sepharose 4 Fast Flow beads. The reactions were mixed at 4°C for another 15 min and were then loaded onto 0.8-mL Pierce centrifuge columns (Thermo Scientific) equilibrated with PBS/0.5% Triton X-100. The columns were spun at 500g for 2 min, and the flow-through was discarded. The columns containing the Glutathione Sepharose 4 beads were washed with 600 mL PBS/0.5% Triton X-100 six times. The columns were spun 2 min at 850g before proteins bound to the beads were eluted with 50 mL of SDS sample buffer, resolved by SDS-PAGE, and analyzed by immunoblotting. An anti-MBP monoclonal antibody (New England Biolabs) was used as primary antibody for immunoblotting.
Thioester Assay of E2 Ubiquitin-Conjugating Activity
The ubiquitin-conjugating activity assays of Fni3 and Suv were performed as described with modifications (Kraft et al., 2005; Philip and Haystead, 2007) . Briefly, in a 15-mL reaction, 80 ng (50 nM) of Yeast E1 (Boston Biochem) was preincubated with 3 mg of FLAG-ubiquitin in 20 mM Tris HCl, pH 7.5, 10 mM MgCl 2 , and 1 mM ATP for 10 min. To the reaction was added 100 ng of MBP-Fni3 (or GST-Fni3) and continued for 20 min. The reaction was then stopped with SDS sample loading buffer and was resolved by 10% SDS-PAGE. To examine the E2 ubiquitin linkage in the assay ( Figure 3B ), the reaction volume was scaled up to 30 mL. The reactions were split and terminated by addition of either SDS sample loading buffer with 100 mM DTT or 8 M urea sample buffer (-DTT). The proteins were transferred to polyvinyl difluoride membrane and probed with mouse monoclonal ANTI-FLAG M2-peroxidase-conjugated (horseradish peroxidase) antibody (Sigma-Aldrich) before being detected using ECL kit (GE Healthcare). To test whether Fen affects the ubiquitinconjugating activity of Fni3, 500 ng of MBP-Fni3 (or GST-Fni3) and 500 ng GST-Fen were incubated in a 10-mL total volume mixture consisting of 20 mM HEPES, pH 7.5, 10 mM MgCl 2 , and 1 mM ATP for 30 min at 30°C. Two microliters of this solution containing MBP-Fni3 (or GST-Fni3) (100 ng) was then used for thioester assay reactions.
In Vitro Ubiquitination Assay
The in vitro ubiquitination assay was performed as described (Rosebrock et al., 2007) . The reactions were resolved by SDS-PAGE and analyzed by immunoblotting using mouse monoclonal ANTI-FLAG M2-peroxidaseconjugated (horseradish peroxidase) antibody (Sigma-Aldrich). For the examination of Lys-63 specificity of Fni3-directed ubiquitination, 12 mg of ubiquitin or ubiquitin mutants was used for each reaction, and rabbit antiubiquitin antibody (Boston Biochem) was used as the primary antibody for immunoblotting. For testing the effect of Fen on Fni3 in the in vitro ubiquitination assay, 500 ng (;8 pmol) or 1.5 mg (;25 pmol) of purified GST-Fen was added to the reactions, respectively.
Tomato Protoplast Preparation and BiFC Assay
Tomato RG-pto11 plants were grown in a growth chamber with 16 h of light (;215 mmol/m 2 /s at the leaf surface of the plants) and 24°C/22°C day/night temperature. Protoplasts were prepared from the young fully expanded leaves of 3-to 4-week-old plants as described (Yoo et al., 2007) with modifications. Briefly, leaves were gently rubbed with carborundum and sliced to remove veins. Leaf strips were submerged upside down in a Petri dish containing the digestion solution (1% Cellulase R10, 0.2% Macerozyme R10, 0.4 M mannitol, 20 mM KCl, 20 mM MES, pH 5.7, 10 mM CaCl 2 , and 0.1% BSA) and vacuum infiltrated for 7 min followed by digestion at 25 • C with shaking at 60 rpm for 3 h. The digestion solution with released protoplasts was poured into a 40-mL round-bottom test tube. The protoplasts were collected by centrifugation at 60g for 3 min, washed twice with W5 solution (154 mM sodium chloride, 125 mM calcium chloride, 5 mM potassium chloride, and 2 mM MES, pH 5.7), and incubated with W5 on ice for 30 min for recovery. The pellet of protoplasts was gently resuspended in MMG solution (0.4 M mannitol, 15 mM MgCl 2 , and 4 mM MES, pH 5.7) and maintained on ice. For the BiFC assay, the split-Yellow Fluorescent Protein (YFP) constructs pA7-N-terminal of YFP and pA7-C-terminal of YFP were used as described (Chen et al., 2006) . The tomato protoplasts were transferred to a round-bottom 2-mL Eppendorf tube containing 10 µg of plasmid DNA of each construct or EV as indicated in Supplemental Figure  1A online and mixed gently, followed by transfection using 40% Fluka polyethylene glycol for 7 min at 26 • C. The transfection was stopped with the addition of and subsequent washing with W5 solution. The transfected protoplast samples were incubated in W5 solution with 5 mM Glc overnight at 24°C in the dark followed by examination of fluorescence using a Nikon 90i fluorescence microscope. Images were captured using NIS Elements software provided by the manufacturer.
Accession Numbers
Sequence data that were used for phylogenetic analysis in this article can be found in the GenBank data library under the following accession numbers: Hs-Ubc13 (P61088), Mm-Ubc13 (AAI38212), Xt-Ubc13 (CAJ82488.1, At-Ubc13A (Q94A97), At-Ubc13B (Q9FZ48), At-Uev1a (NP_565834.1), At-Uev1b (NP_564994.1), At-Uev1c (NP_850259.1), At-Uev1d (NP_566968.1), Hs-Uev1a (NP_068823.2), Hs-Mms2 (NP_003341.1), Sp-Mms2 (O74983.1), Mm-Mms2 (NP_076074.2), Mm-Uev1 (NP_075719.1), Sc-Mms2 (NP_011428.1), and At-COP10 (AAK57749.1). Sequence data from this article can be found in GenBank under the following accession numbers: Fni3 (KF496880), Sl-Ubc13-2 (KF496882), Suv (KF496884), Nb-Fni3 (KF496881), Nb-Ubc13-2 (KF496883), and Nb-Suv (KF496885).
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